Introduction
There has been considerable interest in the potential role of blood eosinophil count as a predictor of response to inhaled corticosteroids (ICS) in COPD, particularly with regard to prevention of exacerbations.
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siddiqui et al and FP/salmeterol in patients with severe or very severe COPD and history of exacerbations. 3 A further analysis of the relationship between blood eosinophils and ICS response in the ISOLDE study was conducted by Barnes et al; 4 the primary interest of this study was the relative effects of FP and placebo on the rate of decline of FEV 1 over a 3-year period. 5 Watz et al reported the results of a post hoc analysis on the association between blood eosinophils and exacerbation rate with ICS withdrawal in the WISDOM study, a double-blind randomized trial that incorporated a 9-month period when ICS were withdrawn or continued. 6 Overall, six previous studies have consistently demonstrated that blood eosinophil count is associated with response to ICS. [1] [2] [3] [4] 7, 8 However, to date, the published analyses have been mainly post hoc and retrospective in nature and have reported findings from trials of differing design that have used different statistical techniques to evaluate the impact of blood eosinophil count.
Three large, randomized controlled clinical trials (the FORWARD study [NCT00929851] and two studies by Dransfield [NCT01009463/NCT01017952]) 9 ,10 that measured baseline blood eosinophils and shared similar study designs were completed between October 2011 and July 2012. The trials evaluated ICS/long-acting β 2 agonist (LABA) combination therapy and LABA alone over a 1-year period in patients with moderate-to-severe COPD. 9, 10 The FORWARD study compared a combination of beclomethasone dipropionate (BDP) and formoterol (FOR) with FOR alone, 10 and the replicate Dransfield studies compared a combination of fluticasone furoate (FF) and vilanterol (VI) with VI alone. 9 Although the FORWARD study and the Dransfield studies were of a similar design, two post hoc analyses of these studies used different approaches to categorize patients by baseline blood eosinophil count. 7, 8 Siddiqui et al analyzed the results of the FORWARD study according to quartiles of absolute eosinophil count (0 to ,110.4 cells/µL, 110.4 to ,181.6 cells/µL, 181.6 to ,279.8 cells/µL, and $279.8 cells/µL), quartiles of percentage of blood eosinophils (0% to ,1%, 1% to ,2%, 2% to ,3%, and .3%), and an exploratory model of exacerbation risk as a function of absolute eosinophil count as a continuous distribution. 8 In contrast, Pascoe et al analyzed the results of the Dransfield studies according to the percentage of eosinophils (,2%, 2% to ,4%, 4% to ,6%, and $6%) and absolute eosinophil count (,150 cells/µL and $150 cells/µL). 7 In the current study, we applied a consistent statistical modeling approach to data from the FORWARD and Dransfield studies to assess the effect of blood eosinophil count as a continuous variable on COPD outcomes in ICS-and non-ICS-treated patients. We also examined the reproducibility of the predictive model developed by Siddiqui et al using the Dransfield studies as a method of external model replication.
Methods
study objectives
We aimed to analyze the results of the FORWARD and replicate Dransfield studies to 1) model baseline blood eosinophils as a continuous trait in these study populations, and evaluate the associated exacerbation risk and impact on lung function (assessed by FEV 1 ) and quality of life (assessed by St George's Respiratory Questionnaire [SGRQ] total score) in the presence and absence of ICS and 2) determine the reproducibility of the prediction model developed by Siddiqui et al using the Dransfield studies as a method of external model replication. For our analysis, we used statistical techniques and models that were as similar as possible to one another, given the study design differences. This post hoc analysis was conducted as a collaboration between academic partners based in Leicester and Oxford, and the pharmaceutical companies GSK and Chiesi.
studies included in the analysis
The studies examined in this analysis shared similar designs, comparing treatment with LABA alone with an ICS/LABA combination over a 48-52-week period. The FORWARD study compared FOR 12 µg one inhalation, twice daily, with BDP/FOR 100/6 µg two inhalations, twice daily. 10 The replicate Dransfield studies compared VI 25 µg with FF/VI 50-200/25 µg once daily. 9 The FORWARD and Dransfield studies were multinational studies that recruited patients with a history of exacerbations in the previous year, measured the annual rate of moderate-to-severe exacerbations as the primary outcome (those requiring a course of antibiotics/ corticosteroids and/or hospital admission), and measured FEV 1 . Only the FORWARD study measured SGRQ.
9,10 The use of TIO was permitted only in the FORWARD study, and only if it was being taken prior to study entry.
The coprimary endpoints of the FORWARD study were moderate-to-severe exacerbation rate over 48 weeks and predose morning FEV 1 at 12 weeks. The primary endpoint for the Dransfield studies was the annual rate of moderate-tosevere exacerbations. All three studies followed the European Medicines Agency/Committee for Medicinal Products for Human Use guideline for exacerbation definitions. The original trials utilized for this post hoc analysis had ethical 
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9,10
Patients
Patients included in the current analysis had moderate or severe COPD, with at least one exacerbation in the previous year. The Dransfield studies included patients with moderate or severe COPD (post-bronchodilator FEV 1 / FVC ratio ,0.7 and FEV 1 #70% predicted), whereas the FORWARD study included only patients with severe COPD (post-bronchodilator FEV 1 /FVC ,0.7 and FEV 1 30-,50% predicted).
statistical modeling
Efficacy variables were analyzed for patients with available baseline eosinophil data in the intent-to-treat population (FORWARD study, n=1,184; Dransfield studies, n=3,157). The number of moderate and severe COPD exacerbations was analyzed using a negative binomial model with the number of exacerbations over the 48/52 weeks as the outcome. Fixed effects were treatment, country/region, smoking history, severity of airflow limitation (post-bronchodilator FEV 1 at screening), and prior exacerbation frequency (one exacerbation, more than one exacerbation). The cubic root of baseline blood eosinophil count was used as a covariate, and log-time within the study as an offset variable. The interaction between treatment and cubic root of baseline blood eosinophil count was also included in the model. A cubic root transformation of the baseline eosinophil count was used to allow for the skewed distribution of eosinophil counts.
A linear mixed model for repeated measures for change from baseline in predose morning FEV 1 at 48/52 weeks included treatment, visit, country/region, and smoking history as fixed effects, and baseline FEV 1 value and cubic root of baseline blood eosinophil count as covariates. The interactions of treatment by visit, treatment by cubic root of baseline blood eosinophil count, visit by cubic root of baseline blood eosinophil count, and treatment by visit by cubic root of baseline blood eosinophil count were also included. An unstructured covariance matrix was assumed.
An analysis of covariance model for the change in SGRQ total score from baseline to 48 weeks included treatment, country, smoking history, baseline SGRQ total score, and cubic root of baseline blood eosinophil count as covariates. The interaction between treatment and cubic root of baseline blood eosinophil count was also included.
As patients in the FORWARD study could continue treatment with TIO during the study, a covariate adjusting for the effect of TIO was included in all FORWARD databased models. Separate analyses were conducted for the Dransfield studies (which were analyzed together) and the FORWARD study. For the former, the covariate "study" was included in order to adjust for the different sources of data (NCT01009463 or NCT01017952). Predictive modeling on the exacerbation rate (per person per year) in the FORWARD study has previously been reported. 8 All statistical analyses were performed using SAS version 9.2 (SAS Institute, Cary, NC, USA).
Results Patients
Patient demographics were comparable across the FORWARD and both Dransfield studies (Table 1) . Compared to the FORWARD study population, a slightly higher proportion of patients in the Dransfield studies had experienced more than two recent exacerbations.
Modeling of exacerbation rate
Both the FORWARD and Dransfield exacerbation models predicted similar exacerbation rates with ICS/LABA vs LABA alone across the range of baseline eosinophil counts studied (Figure 1 ). In the FORWARD study, modeled annual exacerbation rates ranged from 0.78 to 0.83 per year between 0 and 1000 eosinophils/µL in the ICS/LABA arm, and from 0.81 to 1.54 exacerbations per year in the LABA-only arm ( Figure 1A ). In the Dransfield studies, these rates ranged from 0.54 to 1.02 per year between 0 and 993 eosinophils/µL in in the ICS/LABA arm, and 0.56-1.75 per year in the LABAonly arm ( Figure 1B) . In both models, patients at all baseline eosinophil levels had fewer annual exacerbations with ICS/ LABA vs LABA alone. As in the FORWARD study modeling, analyses on the Dransfield studies found that a higher baseline blood eosinophil count was associated with an increasing exacerbation risk in the absence of ICS treatment, while for patients treated with an ICS-containing regimen, the risk of developing an exacerbation was not influenced by the baseline blood eosinophil count (Figure 1 ). Both models showed that as baseline eosinophil levels increased, so did the treatment difference between ICS/LABA and LABA alone in terms of reduction in exacerbations.
Modeling of change in FeV 1
In the FORWARD study, patients treated with BDP/FOR had improvements from baseline in FEV 1 , and no association between baseline eosinophils and change from baseline in trough FEV 1 alone, those with higher baseline eosinophil counts had greater improvements in FEV 1 vs those with lower eosinophil counts; these improvements were lower than those observed in the BDP/FOR group (Figure 2A) . The Dransfield study models showed that FF/VI improved airflow limitation vs VI alone for patients at almost all baseline blood eosinophil levels studied ($22 eosinophils/µL). Patients with higher baseline blood eosinophil counts had the greatest improvement in FEV 1 when treated with FF/VI, and the greatest loss in FEV 1 with VI alone ( Figure 2B ).
Modeling of change in sgrQ
In the FORWARD study, BDP/FOR led to greater improvements in SGRQ total score vs FOR alone in patients with $67 blood eosinophils/µL at baseline (Figure 3) . Patients in the BDP/FOR arm with higher baseline eosinophil counts had greater improvements in SGRQ total score compared to those with lower eosinophil counts. In the FOR arm, increasing baseline eosinophil counts were associated with worsening SGRQ total scores, and patients with baseline eosinophil counts of 306 eosinophils/µL and above experienced a deterioration in their health status with FOR alone.
Discussion
In analyses of data from the FORWARD and Dransfield studies, patients treated with ICS/LABA demonstrated similar COPD exacerbation rates and lung function across all baseline blood eosinophil levels, with better outcomes compared to LABA alone.
When a model identical to that previously applied to data from the FORWARD study was applied to data from the Dransfield studies, the observations for exacerbations were similar to those of the FORWARD modeling. As baseline blood eosinophil count increased, so did exacerbation rate in the absence of ICS treatment. When treated with ICS/LABA, patients had similar exacerbation rates regardless of baseline blood eosinophil level. Therefore, the relative reduction of exacerbation rate provided by ICS becomes progressively greater with increasing baseline blood eosinophil counts.
In line with the exacerbation rate modeling results, models of change from baseline in FEV 1 found that ICS/ LABA improved lung function when compared to LABA alone across all baseline eosinophil levels in the FORWARD model, and across the majority of baseline eosinophil levels in the Dransfield study. In the FORWARD analysis, patients 
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Modeling COPD exacerbations by blood eosinophil count treated with ICS/LABA had improvements in FEV 1 that were unaffected by baseline eosinophil level, whereas those treated with LABA alone only had improvements when at or above 231 eosinophils/µL. The Dransfield analyses found that, at higher baseline eosinophil counts, patients treated with ICS/LABA had the greatest improvements in FEV 1 relative to patients treated with LABA alone.
In the analyses of SGRQ data from the FORWARD study, BDP/FOR was more effective than FOR alone at improving health status in patients with $67 blood eosinophils/µL at baseline. Patients in the BDP/FOR arm with higher baseline eosinophil counts had greater improvements in health status compared to those with lower eosinophil counts, whereas the treatment benefits of FOR alone reduced as eosinophil count increased. Patients with 306 eosinophils/µL or above at baseline, roughly corresponding to the highest eosinophil quartile, who were treated with FOR alone, experienced a deterioration in their health status. At very low eosinophil counts, ICS/LABA appeared to negatively impact SGRQ total score compared to LABA alone; however, this pattern was likely a result of the limited number of SGRQ data points for patients with very low eosinophil counts.
Several investigative studies have assessed the potential role of eosinophils as a biomarker for ICS responsiveness, with the aim of identifying those patients who may not benefit from the use of ICS. 3, 10 Previous studies have used arbitrary thresholds for blood eosinophil count without analyzing the complete range. A review of three studies, including INSPIRE and TRISTAN, evaluated the benefits of FP/salmeterol vs the long-acting muscarinic antagonist (LAMA), TIO, or placebo 
3675
Modeling COPD exacerbations by blood eosinophil count according to baseline eosinophil count.
3 FP/salmeterol was generally preferable to LAMA or placebo in reducing exacerbations in patients with $2% eosinophils, in agreement with our exacerbation rate modeling. However, contrary to the results of the current analyses, the review found no relationship between eosinophils and change from baseline in FEV 1 or SGRQ with ICS/LABA vs LAMA or placebo.
The recent FLAME trial investigated the effects of indacaterol/glycopyrronium (LAMA/LABA) vs FP/salmeterol (ICS/LABA) on COPD exacerbation rates, stratifying patients according to eosinophil level (,2% and $2%). Indacaterol/ glycopyrronium was found to be superior to FP/salmeterol in both eosinophil strata. 11 In keeping with our analyses, the between-treatment differences lessened with increasing blood eosinophils. However, as the two treatment arms employed different LABA treatments, the results are difficult to interpret. The observed differences between the results of the FLAME trial and the FORWARD/Dransfield trials are likely to be a result of variation in study designs (for example, the FLAME trial excluded patients with .600 eosinophils/µL and included a TIO run-in period unlike the Dransfield trials), as well as the possibility that LAMAs may have modified eosinophilia in the FLAME trial.
There are a number of limitations to this post hoc analysis, not least the limited sizes of the populations modeled, particularly the low number of patients with very high or very low eosinophil counts at baseline. The FORWARD and Dransfield studies did not select patients based on eosinophil count. Therefore, although the range of baseline eosinophil levels observed is representative of the usual population of patients with COPD, the results of this study for patients with very high or very low eosinophil counts should be viewed with caution. Furthermore, in both exacerbation rate models, the interaction between baseline eosinophils and treatment was nonsignificant, and the effect of baseline eosinophils was nonsignificant in the FORWARD exacerbation model. This is most likely due to a lack of statistical power rather than a weak association between baseline blood eosinophil count and treatment. These outcomes were not unexpected, as the previously published FORWARD modeling demonstrated a nonsignificant interaction between baseline blood eosinophils and treatment. 8 To overcome the limitations of these analyses, further investigations are needed. Additionally, comparisons of ICS/LABA or ICS/LAMA/LABA vs LAMA/LABA would be of clinical interest.
Conclusion
When taking into account the combined modeling analyses of the FORWARD and Dransfield study datasets, patients with COPD and higher baseline blood eosinophil counts derived the greatest benefit from ICS therapy in terms of improvement in exacerbations. The role of eosinophils in the improvement of airflow and health status with ICS therapy is not clear. Further investigations are required to clearly define the role of eosinophils in clinical practice.
Data availability
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